Recently, promising results of an index based on heart beat interval and pulse wave amplitude of the fingerphotoplethysmographic signal (surgical pleth index, SPI) were reported. 3 -5 More recently, a new variable called 'analgesia nociception index' (ANI) based on HR variability derived from the standard 5-lead electrocardiogram (ECG) was developed. Whereas ANI has been recently described in patients during laparoscopic surgery and labour, 6 7 a standardized and comparative clinical evaluation during general anaesthesia with changing opioid concentration is missing. The primary objective of this prospective study was to evaluate the influence of standardized noxious stimulation on ANI at different remifentanil effect site concentrations (Ce remi ) during propofol anaesthesia. Secondly, we examined whether ANI is dependent on Ce remi and may enable a prediction of the response to noxious stimulation, such as HR increase or movement. This was to be evaluated in comparison with the previously described SPI.
Methods
After obtaining approval of the institutional review board of the University Hospital Schleswig-Holstein, Campus Kiel, and written informed consent, 25 patients with ASA physical status I or II, age between 18 and 65 years, undergoing elective surgery were enrolled. Patients were not included if they had a history of cardiac arrhythmia, neuromuscular or neurological disease, diabetes mellitus, use of medication or drugs that may affect autonomous regulation (e.g. betablocker, clonidine) or were pregnant. All patients were anaesthetized by experienced and certified staff anaesthetists.
Analysed variables were ANI, SPI, bispectral index (BIS), HR, non-invasive mean arterial blood pressure (MAP), and calculated effect site concentrations of anaesthetics.
ANI was derived by the CE-certified PhysioDoloris monitor (MetroDoloris, Lille, France), a non-invasive device that takes the online ECG analogue output from the patient monitor (S/5 Monitor, GE-Healthcare, Helsinki, Finland). ANI is calculated from analysis of HR variability, which is based on small beat-to-beat oscillations of the HR and described in detail elsewhere. 8 The calculated values of ANI range from 100 to 0, based on the degree of parasympathetic activation. 100 means a high parasympathetic modulation (low stress level) and 0 means extremely low parasympathetic modulation (high stress level). The PhysioDoloris monitor continuously displays an average measurement of ANI made over the previous 60 s. SPI (formerly named surgical stress index) is a numerical index for monitoring the anti-nociceptive -nociceptive balance obtained by finger plethysmography reversely ranging between 0 (low stress level) and 100 (high stress level). A value of 50 represents a mean stress level during anaesthesia. SPI was originally developed during propofolremifentanil anaesthesia in gynaecological patients. A detailed description of SPI, including the algorithm, can be found elsewhere. 3 The finger clip for finger plethysmography was placed on the index finger of the left hand and connected to the anaesthesia monitor, visualizing SPI continuously.
Patients received no premedication before anaesthesia. After arrival in the operating theatre, standard monitoring (non-invasive blood pressure, ECG, pulse oximetry) and venous access via a forearm vein were established. All patients received an i.v. infusion of crystalloids (2-4 ml kg 21 h 21 ) during the entire study period. After preparing the skin of the forehead, the disposable BIS-XP Sensor (Aspect Medical Systems, Newton, MA, USA) was positioned according to the manufacturer's recommendations. The BIS Sensor was connected with the respective M-BIS module of the S/5 TM Anaesthesia Monitor (GE-Healthcare, Helsinki, Finland). The EEG was recorded continuously (smoothing rate of 15 s) from induction of anaesthesia until the end of the measuring period.
The study protocol is outlined in Figure 1 . Following adequate preoxygenation, anaesthesia was induced with propofol (2 mg kg 21 ). After loss of the eyelash reflex, mask ventilation was performed followed by insertion of a laryngeal mask (LMA Unique TM , LMA Deutschland GmbH, Bonn, Germany), which was defined as the first stimulus. Anaesthesia was maintained with a continuous infusion of propofol to achieve an acceptable level of hypnosis (BIS 30 -60). Remifentanil was increased step-by-step via a computer-assisted continuous infusion device (Alaris PK pump, Cardinal Health, Rolle, Switzerland; protocol by Minto, Schnider and Shafer) 9 to a Ce remi of 0 -2-4 ng ml 21 . A steady-state period of at least 5 min was maintained at each Ce remi before a standardized noxious stimulus was applied via tetanic stimulation (30 s, 60 mA, 50 Hz) above the ulnar side of the wrist using a standard muscle relaxometer (Innervator, Fisher & Paykel Healthcare, Auckland, New Zealand) at the opposite arm from the SPI sensor. Any event of purposeful movement, coughing, I n d u c t io n o f a n a e s t h e s ia M a s k v e n t il a t io n I n s e r t io n o f L M A T e t a n ic s t im u la t io n ( T 1 )
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Experimental timeline (anaesthesia induction room) chewing, or grimacing during or after stimulation was defined as 'movement'. Stimulation was immediately stopped when movement occurred, and if needed, a 30-mg propofol bolus given as rescue medication (did not cause exclusion of collected data). No visible stimulation response was regarded as 'no movement'. No neuromuscular blocking agents were administered during the entire study period. On the first postoperative day, all patients had a structured interview, and were asked by a blinded anaesthetist if they had any explicit memory or awareness, and the level of satisfaction with the overall procedure was determined using a 0-100 scale (100¼totally satisfied).
Statistical analysis
All variables were averaged the minute before stimulation and compared with the peak value within 2 min after the stimulus. Variables before and after stimulation were analysed by Wilcoxon signed-rank test with Bonferroni correction for multiple comparisons using commercially available statistics software (GraphPad Prism 5, Graphpad Software, Inc., San Diego, CA, USA). A P-value of ,0.05 was considered statistically significant. Furthermore, averaged data 1 min before stimulation were analysed to reveal whether they were able to predict a stimulus-induced event of an HR response .5 min 21 as reported previously 4 or movement. Prediction probabilities (P K ) were calculated using P K MACRO spread sheets as described by Smith et al. 10 A P K value of 1.0 or 0.0 means a total prediction of the event, whereas 0.5 means no better prediction than flipping a coin. Receiver-operating characteristic was used for calculation of the area under the curve and their respective statistical significance (P-value). Sample size was calculated based on published ANI studies to detect a stimulus-induced difference of 15%, with an alpha-error of 0.05 and 90% power. 8 
Results
Twenty-five patients were included in this study. Therefore, data from 25 LMA insertions and a total of 75 noxious tetanic stimulations were finally analysed. Patient characteristic data are presented in Table 1 . None of the patients had explicit memory of any event during anaesthesia; overall satisfaction of anaesthesia was median [inter-quartile range; Figure 2 , individual plots of ANI are presented in Figure 3 . The response to tetanic stimulation of pooled data, including the resulting differences (D-values), are presented in Predictive power of variables to indicate HR response or movement because of LMA insertion and tetanic stimulation are presented in Table 3 , using P K values. Even though we detected several significant P K values for HR, MAP, and calculated effect site concentrations, none of the tested variables consistently predicted the response to stimulation.
Discussion
In this prospective clinical study, ANI enabled consistent detection of standardized noxious stimulation during propofolremifentanil anaesthesia. ANI values depended on Ce remi , but did not allow the prediction of response to LMA insertion or tetanic stimulation.
During general anaesthesia, there is normally no conscious experience of painful stimulation. Analgesics, and most relevant opioids, are able to attenuate stimulationinduced signal transmission thereby providing nociceptiveanti-nociceptive balance. 11 Currently, administration of analgesics in clinical routine is based on anaesthesiologist's experience and often judged on clinical signs such as movement or unspecific autonomic responses (e.g. tachycardia or sweating). Development of monitoring devices for measurement of the nociceptive-anti-nociceptive balance has focused on reflex pathways and autonomic responses. Spinal cord reflex pathways (e.g. the monosynaptic H-reflex or the polysynaptic R-III reflex) may predict the response to noxious stimulation. 12 13 More complex and centrally mediated reflexes such as the pupillary dilation reflex have also shown to be dependent on opioid concentrations during anaesthesia. 14 However, clinical usefulness is limited because they are difficult to obtain or cannot be measured continuously. Therefore, variables are being developed which use the clinically available standard anaesthesia monitoring such as ECG recordings (ANI) or pulse plethysmographic signal (SPI). During stable anaesthesia, the variation of heart beat interval is small and mainly influenced by respiratory sinus arrhythmia, whereas variability increases after stimulation. 15 The high-frequency component (HF) of the HR variability reflects parasympathetic modulation of the heart, which can be measured by filtering the beat-to-beat series in the HF domain [0.15 -0.5 Hz]. As nociception increases, the parasympathetic tone decreases in response to the increased sympathetic activity, which in turn leads to a decrease of ANI. 8 In the present study, only ANI and SPI, but not BIS, HR, or MAP, consistently detected stimulations induced by LMA insertion and tetanic stimulation. Consequently, these variables may add clinically important information regarding the present nociceptive-anti-nociceptive balance. We detected significant decreases of ANI during all tested Ce remi , which were significantly attenuated during a remifentanil plasma concentration of 4 ng ml 21 . Similarly, it has been described that stimulation-induced change of the HF component during 'adequate' analgesia is attenuated in comparison with 'inadequate' or 'light' analgesia. 8 The developers have recently described that ANI is influenced by tetanic stimulation, trocar insertion, and pneumoperitoneum during anaesthesia, but did not examine change in ANI values nor different opioid concentrations. 7 We recorded the maximum decrease in ANI 80 s after the stimulus occurred, thus markedly later as reported for SPI. 4 This is probably the result of the prolonged calculation time period, a possible drawback of the ANI method. We can confirm the existing results with regard to SPI monitoring, where a significant increase as a result of noxious stimulation was detected in various anaesthesia settings before. 3 4 16 Nevertheless, it must be considered that ANI and SPI are measures of the sympathetic response to nociceptive input. Therefore, many confounders of the sympathetic tone have to be taken into account. Actual data report possible effects of intravascular volume status, 17 posture, 18 medication, 17 19 and different level of consciousness. 20 Stimulation response was not detected by BIS. It has been reported that processed EEG variables reflecting the hypnotic state may only show small changes after stimulation, unless a hypnotic arousal occurs. 21 However, the BIS index also In this study, we further found that ANI, HR, and MAP were dependent on Ce remi . To our best knowledge, this is the first study of ANI during a controlled and standardized anaesthesia regimen with increasing remifentanil concentrations. Previously, Luginbü hl et al. have described the effect of different hypnotic and analgesic states on HR variability and shown that HF may be dependent on remifentanil concentration, 23 which is in accordance with our findings. However, we recorded a large inter-individual variability in pre-stimulation ANI values, which may be associated with reduced sensitivity and specificity to depict an adequate threshold of the analgesic component during anaesthesia. Similar to a previous study during sevoflurane -remifentanil anaesthesia, SPI depended on remifentanil concentration from 0 to 2 ng ml 21 , but not further on. 4 Concerning the dependency of HR and MAP on remifentanil concentrations, it is well known that increasing remifentanil concentrations have significant effects on haemodynamics. 24 Additionally, we sought to examine whether a vegetative or somatic response to noxious stimulation can be predicted. None of the tested variables showed a consistent and clinically suitable prediction of the response to either LMA insertion or tetanic stimulation. In contrast to prediction of loss of consciousness, where P K -values of 0.99 have been reported for BIS, 25 comparable prediction of nociceptionanti-nociception balance has not yet been possible. We hypothesize that nociception -anti-nociception balance during the measurement period is most likely adequate, and then the additional noxious stimulation causes a sudden nociceptive input. Nevertheless, we detected significant P K -values for HR, MAP and calculated effect site concentrations of the anaesthetics propofol and remifentanil. This is consistent with our previous results during sevoflurane -remifentanil anaesthesia and likely reflects the anaesthetic drug effect. 4 It further emphasizes the potential of using the hypnotic -opioid interaction for evaluation of nociceptive balance as proposed by others. 2 Some limitations of the present study should be noted. First, the study was performed in the anaesthesia induction room before the start of surgery and ANI was not evaluated during a specific surgical procedure. Therefore, values were recorded during steady-state conditions without any other type of stimulation apart from tetanic stimulation and LMA insertion. It is conceivable that activation and suppression of the autonomic system differs during surgery with permanent painful stimulation. Secondly, the maximum value of the measured variables in patients moving was probably underestimated because of termination of stimulation and application of rescue medication immediately upon movement. Thirdly, we excluded a considerable number of patients who are on concomitant medications such as beta-blockers and who may impair the predictive power of variables that are based on changes in HR. More studies are needed to prove the effect of monitoring ANI for evaluation of nociceptive balance, anaesthetic drug consumption, emergence, and postoperative morbidity before drawing conclusions for the clinical benefit.
In conclusion, ANI monitoring based on the HF component of HR variability and SPI monitoring derived by finger photoplethysmography consistently indicated nociceptive response during propofol-remifentanil anaesthesia and therefore provided additional information about nociceptiveanti-nociceptive balance. However, these variables did not enable prediction of the vegetative or somatic response to a noxious stimulus. Further investigations are needed to evaluate these variables during other anaesthesia regimen and to answer the question whether their monitoring will provide beneficial effects to the patients.
